The disordered cell cycle and dysregulated expression of numerous oncogenes involved in tumor-relevant processes are highly related to the tumorigenesis of cervical cancer. Cyclin-dependent kinase 7 (CDK7) constitutes the indispensable catalytic subunit of CDKactivating kinase (CAK), which is required for both cell cycle transition and transcriptional regulation. However, research regarding the antitumor effects of CDK7 inhibition in cervical cancer remains unclear. Purpose: Our study aims to explore the antineoplastic effects of the CDK7 inhibitor THZ1 in cervical cancer cells and to find a potential agent for cervical cancer treatment. Methods: The CRISPR-Cas9 system was used to knock down CDK7. The Cell Counting Kit-8 (CCK-8) assay was used to detect the cell viability after CDK7 depletion and THZ1 treatment. Western blot was employed to detect protein expression. The expression levels of mRNA were assayed through qRT-PCR. Flow cytometry analysis was used to assay the apoptotic cells and cell cycle distribution. Gene expression microarray analysis was used to identify the differential expression of the genes. Subcutaneous xenograft mouse model was performed to test the antineoplastic effects of THZ1 in vivo. Results: We revealed that the genetic depletion of CDK7 using the CRISPR-Cas9 system exhibited great cell growth inhibition in cervical cancer cell lines, consistent with the effects of CDK7 blocking using THZ1. Cervical cancer cells were highly sensitive to THZ1 treatment, and a low concentration of THZ1 could induce substantial cell apoptosis. THZ1 specifically perturbed the phosphorylation of cell cycle regulator CDK1 and decreased the expression of cyclin B1, leading to a cell cycle blockage at the G2/M phase and inducing cell growth inhibition. The gene expression microarray analysis showed that massive oncogene transcripts, especially those associated with tumorigenesis, were preferential suppressed after THZ1 treatment. The qRT-PCR confirmed that several essential oncogenes in tumorigenesis (c-MYC, hTERT, RAD51, and BCL-2) and HPV viral oncogenes (E6 and E7) were preferentially repressed by THZ1. Moreover, THZ1 exhibited substantial antineoplastic effects against cervical cancer in vivo without inducing obvious side effects. Conclusion: These findings indicated that the CDK7 inhibitor THZ1 is a potential option in cervical cancer treatment owing to its ability to inhibit cell cycle progression and transcriptional activity.
Introduction
In 2018, cervical cancer ranked fourth for both cancer incidence and mortality among females worldwide. 1 With the increased application of cervical cancer screening and submit your manuscript | www.dovepress.com
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Zhong et al human papillomavirus (HPV) vaccinations, cervical cancer incidence rates and death rates have exhibited a discernible reduction in most high-income countries. [1] [2] [3] However, attributed to the increasing prevalence of HPV among young adults, cervical cancer incidence and mortality among 20-39-yearolds have increased worldwide. 4 Notably, little progress has been made in overall survival for cervical cancer owing to the minimally chemosensitive and limited effective treatment strategies for patients with advanced cervical cancer, whose 5-year survival rate is less than 20%. 2, 5, 6 Therefore, investigating novel antitumor strategies is a critical area of research.
Cell cycle disturbance is one of the main characteristics of cervical cancer cells, as it leads to abnormal regulation of the cell cycle progression, which results in cell proliferation and apoptosis disorders. 7 Numerous studies have observed many special histone modifications in cervical cancer cells, facilitating enhancer activation, which recruits excessive transcription factors and cofactors to the enhancers, consequently activating transcriptional processes. [8] [9] [10] [11] As a result, cervical cancer cells exhibited remarkable different patterns of oncogene expression compared with normal human tissues, especially genes associated with transcription, cell cycle, and DNA repair processes. 12, 13 Recently, a vast number of studies has revealed that oncogenic transcription in cancer cells is highly associated with super-enhancers, which are particularly vulnerable to the perturbation of transcriptional regulation. [14] [15] [16] [17] [18] CDK7 is a major member of the cyclin-dependent kinase family, together with cyclin H and MAT1, forming a functional CDK-activating kinase (CAK), which regulates the cell cycle by phosphorylating other CDKs. 19, 20 CDK7 is also a major component of transcription factor II H (TFIIH), which activates transcriptional initiation and elongation by phosphorylating serine 5 (S5), serine 7 (S7), and serine 2 (S2) of the carboxy-terminal domain (CTD) of RNA polymerase II (Pol II). [21] [22] [23] In this study, we focused on THZ1, a CDK7 inhibitor, which has an acrylamide moiety that can inhibit the activity of CDK7 by selectively reacting with the cysteine 312 (C312) residues of CDK7 outside the kinase domain. [24] [25] [26] Recent studies have indicated that THZ1 possesses powerful antineoplastic activity in several cancers, including triple-negative breast cancer, 27 small cell lung cancer, 24 osteosarcoma, 28 ovarian cancer, 16 esophageal squamous cell carcinoma, 17 and T-cell acute lymphoblastic leukemia. 27 However, research regarding the effects of THZ1 in cervical cancer remains unclear.
In this study, we treated cervical cancer cells with THZ1 and found that THZ1 exhibited a potent antineoplastic effect on cervical cancer cells. Low-dose THZ1 treatment led to a profound inhibition of cell proliferation and induction of cell apoptosis. Further research revealed that THZ1 exhibits cell cycle inhibition and transcription repression, especially of the essential oncogene transcription in tumorigenesis. These findings indicate that CDK7 inhibitor THZ1 is a promising potential drug for cervical cancer treatment.
Materials and methods cell culture and reagents
All cervical cancer cell lines (HeLa, SiHa, and C33A) and human embryonic kidney cells 293T were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, People's Republic of China) in 2016. The cells were maintained in DMEM/high glucose medium (HyClone, South Logan, UT, USA) containing 10% FBS (Gibco, Gaithersburg, MD, USA) and 1% penicillin/streptomycin (Sigma Aldrich, St Louis, MO, USA). THZ1 was purchased from MedChem Express (Monmouth Junction, NJ, USA) and dissolved in DMSO (Sigma-Aldrich) as a 10 mM stock solution and stored at -80°C.
crisPr-cas9 system-mediated knockdown of cDK7
The transfer plasmids (lentiCRISPRv2) and packaging plasmids (delta8.9 and VSVG) were gifts from the Skate Key Laboratory of Oncogenes and Related Genes (Shanghai Jiao Tong University, People's Republic of China). To generate lentiviral sgRNA plasmids, a pair of annealed oligonucleotides was cloned into lentiCRISPRv2 plasmids. The forward sequence of sgEGFP was CAC CGG AAG TTC GAG GGC GAC ACC C and the reverse sequence was AAA CGG GTG TCG CCC TCG AAC TTC C. The forward sequence of sgCDK7-1 was CAC CGT GAG AAG CTG GAC TTC CTT G and the reverse sequence was AAA CCA AGG AAG TCC AGC TTC TCA C. The forward sequence of sgCDK7-2 was CAC CGA GCT CCA AAT AGT AAC TCG G and the reverse sequence was AAA CCC GAG TTA CTA TTT GGA GCT C. The lentiviral sgRNA plasmids and packaging plasmids were co-transfected into human embryonic kidney cells 293T cells using lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's instruction. They were filtered using a Millex-HV Syringe Filter Unit with a 0.45 µm pore size hydrophilic polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). Then, cervical cancer cells were cultured in supernatants containing lentivirus together with 8 mg/mL polybrene (Sigma-Aldrich) for 24 hours, changing the supernatants for fresh DMEM/high glucose medium containing 10% FBS. After transduction submit your manuscript | www.dovepress.com
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cell counting Kit-8 (ccK-8) cell viability assay
The cervical cancer cells were seeded in 96-well plates at a density of 5,000 cells per well and treated with various concentrations of THZ1. At indicated time-points, cells were incubated with 10 µL CCK-8 reagent (Dojindo, Kumamoto, Japan) in each well for 1 hour. Then the absorbance was measured using a microplate reader (Thermo Scientific, Waltham, MA, USA) at 450 nm. Concentration-response curves were created using GraphPad Prism 6.0 (La Jolla, CA, USA).
Western blot analysis
Protein was extracted using RIPA buffer (Sangon Biotech, Shanghai, People's Republic of China) containing proteinase inhibitors (MedChem Express) and phosphatase inhibitors (MedChem Express). The protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Scientific). 
cell cycle and apoptosis analysis
A cell cycle analysis was performed 24 hours after the THZ1 treatment. Each sample was collected, and cell suspensions of approximately 1×10 6 cells were generated. Then, 75% ethanol (1 mL) was added to each cell suspension. The cells were fixed at 4°C overnight. Then, 500 µL PI/RNase Staining Buffer solution (BD Biosciences, Franklin Lakes, NJ, USA) was added to the cells for 30 minutes, and the cells were assessed using the BD Accuri C6 plus flow cytometer (BD Biosciences). Cell apoptosis was assayed using the fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit (BD Biosciences) following the manufacturer's instructions. The apoptosis rate was measured using flow cytometry analysis (Beckman Coulter FC500MPL; Brea, CA, USA).
gene expression microarray analysis
Total RNA was extracted using TRIZOL (Invitrogen) after treatment with THZ1 or DMSO for 6 hours. The RNA was quantified using a NanoDrop ND-2000 (Thermo Scientific).
Then the integrity of the RNA was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). The Agilent SurePrint G3 Human Gene Expression v3 Microarray (8*60K) was used to detect the gene expression in this experiment. Microarray hybridization was performed according to the manufacturer's protocols. The microarrays were scanned using an Agilent Scanner G2505C (Agilent Technologies). A basic analysis of the raw data was performed using Genespring software (Agilent Technologies). For further analysis, fold change $2.0 and P-value #0.05 (calculated using a t-test) were used to identify the differential expression of the genes. A gene ontology analysis was performed using the fisher-text function of an R program. The gene expression microarray data have been deposited in NCBI GEO profiles (https://www.ncbi.nlm.nih.gov/ geoprofiles/) under the accession number GSE125543.
rna extraction and qrT-Pcr
The RNA was extracted using TRIZOL (Invitrogen) according to the manufacturer's protocols. The RNA concentration was measured using NanoDrop ND-1000 (Thermo Scientific). Reverse transcription was performed to convert mRNA to cDNA using the PrimeScript RT Reagent Kit (Takara, Otsu, Japan). PCR was performed using QuantStudio™ Test Development Software (Life Technologies) through SYBR Green Ex TaqTM II (Takara). The data were analyzed using the 2 -ΔΔCT method. The sequences of primers were as follows: CDK7, forward: GGC ACA CCA ACT GAG GAA CA, reverse: AGT CGT CTC CTG CTG CAC TG; c-MYC, forward: CGA GGA GAA TGT CAA GAG GCG AAC, reverse: GCT TGG ACG GAC AGG ATG TAT GC; hTERT, forward: CGT ACT GCG TGC GTC GGT ATG, reverse: ACG GCT GGA GGT CTG TCA AGG; RAD51, forward: AGC TGT GTG ACC GTC TGA GT; reverse: AGG CCC TGC TGA CCA TAC AT; BCL-2, forward: GTG GAT GAC TGA GTA CCT GAA CCG, reverse: AGA GTC TTC AGA GAC AGC CAG GAG; HPV18 E6, forward: AAC CGT TGA ATC CAG CAG AA, reverse: GAG TCG TTC CTG TCG TGC TC; HPV18 E7, forward: CGA ACC ACA ACG TCA CAC AA, reverse: GGA ATG CTC GAA GGT CGT CT; HPV16 E6, forward: AAG TTA CCA CAG TTA TGC ACA GAG C, reverse: AAG TCA TAT ACC TCA CGT CGC AGT; HPV16 E7, forward: CAG CTC AGA GGA GGA GGA TGA, reverse: GTA CGC ACA ACC GAA GCG TA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purchased from Sangon Biotech (B661104).
Tumor xenograft studies 
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Zhong et al all animal protocols were approved by the same committee. HeLa cells (5×10 6 ) were subcutaneously injected into the dorsal flanks in 5-week-old female BALB/c mice. When the tumor volumes reached 100-150 mm 3 (volume = (length × width 2 )/2), the mice were randomly separated into two groups (five mice per group) and treated with 10 mg/kg THZ1 or vehicle (10% DMSO in 5% glucose) that was administered intraperitoneally twice daily. The volumes of the tumors were measured every 4 days for 28 days. At the end of the experiments, we calculated the tumor volumes and weights of each group for tumor growth analysis. The tumors were fixed in formalin and embedded in paraffin, cut into 4 µm sections, stained with H&E, and incubated with the Ki67 antibody (1:200) (Servicebio, Wuhan, People's Republic of China) for tumor proliferation analysis. The tumor apoptosis was measured by TUNEL staining using an In Situ Cell Death Detection Kit (Roche, Basel, Switzerland). The sections were observed through microscopy (DM 2500; Leica, Wetzlar, Germany).
statistical analysis
All the experiments were performed in triplicate. The data were analyzed by two-sided Student's t-test using IBM SPSS Statistics version 21. A P-value ,0.05 was considered statistically significant.
Results
cDK7 knockdown induces cell growth inhibition in cervical cancer cells
CDK7 is a major molecular in cellular biological processes, as it plays a role in the regulation of both cell cycle progression and transcription. Here, we tried to investigate the potential critical role of CDK7 in cervical cancer cells.
First, we chose three cervical cancer cell lines for research: HPV18-positive cell line HeLa, HPV16-positive cell line SiHa, and HPV-negative cell line C33A. We employed two independent CRISPR-Cas9 systems to knock down CDK7 in cervical cancer cell lines, which led to a substantial reduction of CDK7 at both the RNA and protein levels ( Figure 1A and B). Strikingly, the downregulation of CDK7 demonstrated significant growth inhibition compared to their respective non-targeting controls in cervical cancer cells ( Figure 1C ). These results suggest that CDK7 plays an essential role in cervical cancer survival. We presented a covalent CDK7 inhibitor THZ1, which selectively inhibits the function of CDK7 by modifying the C312 residue of the kinase domain, 26 and we probed the antitumor effect of THZ1 in cervical cancer cells.
First, we performed concentration-response experiments on cervical cancer cells. As a result, all three cervical cancer cell lines were highly sensitive to THZ1, with half-maximum inhibitory concentration (IC50) values of less than 150 nM, exhibiting time and dose dependency on THZ1 treatment (Figure 2A) .
Moreover, the inhibition of CDK7 caused cell apoptosis in cervical cancer cell lines, as demonstrated by a flow cytometry analysis measuring the population of annexin V-positive cells after 24-hour treatment with THZ1 ( Figure 2B and C) . Furthermore, we observed an increase in cell apoptosis/necrosis in a dose-dependent manner, as assessed through a cleaved PARP Western blot analysis ( Figure 2D) . Collectively, the inhibition of CDK7 with 
cell cycle arrest and growth inhibition following ThZ1 treatment
Cell cycle disturbance and uncontrolled proliferation have an immense influence on cervical cancer immortalization and transformation. 29 As the vital component of the CAK complex, CDK7 phosphorylates other CDKs involved in cell cycle transition. 19 Therefore, we sought to confirm whether blockage of CDK7 affects cell cycle progression in cervical cancer cell lines.
To further test the effect of THZ1 on cell proliferation, we performed a cell cycle analysis using flow cytometry in cervical cancer cell lines. As a result, CDK7 inhibition via THZ1 caused cell cycle redistribution in these cells. Specifically, a conspicuous increase in the G2/M phase and a concomitant decrease in the S phase in cervical cancer cells were observed after THZ1 treatment ( Figure 3A ). CDK1 and cyclin B1 are indispensable cell cycle regulators required for 
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Zhong et al the G2/M transition. 19, 30 Western blot revealed that THZ1 led to a striking reduction in cyclin B1 and phospho-CDK1 in a dose-dependent manner in the cervical cancer cells ( Figure 3B ). Next, we performed proliferation assays in the cervical cancer cell lines and observed significant inhibition of cell proliferation after THZ1 treatment ( Figure 3C) . Overall, the above data demonstrated that THZ1 inhibited cell cycle progression, causing cell proliferation inhibition.
Widespread inhibition of gene transcription by ThZ1 in cervical cancer cells
The dysregulation of gene expression is thought to stimulate tumorigenesis through eliciting a plethora of downstream effects in cervical cancer cells. CDK7 regulates transcriptional processes through recognizing and phosphorylating the CTD of RNA Pol II at S2, S5, and S7. 21 Indeed, the cells that received THZ1 treatment showed a striking reduction in the phosphorylation of RNA Pol II at S2, S5, and S7, in a dose-dependent manner ( Figure 4A ). Next, we examined the effect of CDK7 inhibition on gene expression profiles by performing a gene expression microarray. As expected, treatment with 100 nM THZ1 for 6 hours resulted in a dramatic decrease in global RNA levels ( Figure 4B ).
According to the previous sequencing obtained from HeLa cells, DNA repair, proliferation (cell cycle phase), and transcription (RNA processing) genes are highly expressed in HeLa.
12 Surprisingly, gene ontology analysis of these core transcripts inhibited by THZ1 revealed a significant enrichment of genes involved in transcriptional regulation, proliferation, and DNA repair processes ( Figure 4C ). For example, the main oncogenes in the development of tumorigenesis, c-MYC (transcription), 31, 32 hTERT (cell proliferation), 33, 34 BCL-2 (cell apoptosis), 35, 36 and RAD51 (DNA repair), 37 which play a crucial role in the development of cervical cancer, were significantly downregulated after the THZ1 treatment ( Figure 4D ). In addition, THZ1 exhibited a profound reduction in the transcription of HPV viral oncogenes E6 and E7 in HeLa and SiHa cell lines ( Figure 4E ). Taken together, these data demonstrate that targeting CDK7 using THZ1 led to a widespread transcriptional downregulation in the cervical cancer cells. In particular, the actively transcribed genes and vial oncogenes in the cervical cancer cells were greatly inhibited by THZ1.
antineoplastic effect of ThZ1 in a cervical cancer subcutaneous xenograft mouse model
To further investigate the antitumor effect of THZ1 in cervical cancer, we assessed the in vivo therapeutic potential of THZ1 in xenotransplantation models, in which each mouse 3 in size, the mice were randomized into two groups (five mice per group). The mice were treated with the vehicle and the THZ1 twice daily (10 mg/kg) for 28 days. Strikingly, the mice receiving THZ1 treatment exhibited obvious tumor repression compared with the vehicle-treated mice ( Figure 5A ). We next compared the change in tumor size and weight between THZ1 and vehicle treatment. In contrast, tumors derived from THZ1-treated mice displayed potent growth inhibition ( Figure 5B and C) . Moreover, immunohistochemical analysis revealed a dramatic decrease in the cell proliferation marker ki67, and a TUNEL assay showed an increase in the cell apoptosis of the THZ1-treated tumors ( Figure 5D ). Importantly, no significant side effects were observed during THZ1 treatment. Collectively, these results demonstrated that THZ1 exhibited substantial antineoplastic effects against cervical cancer in vivo.
Discussion
The incidence and mortality of cervical cancer exhibit considerable geographic differences. In total, 80% of diagnoses and 85% of deaths occur in developing countries where both vaccination and screening programs are not widely available. 38, 39 The majority of patients with cervical cancer in developing countries are often not identified until the disease is advanced, and these patients often have limited access to adequate treatment. CDK7 forms a kinase module with both CAK and TFIIH, which are responsible for cell cycle and transcription regulation, respectively. In this study, we demonstrated that blockage of the CDK7 function may provide an attractive therapeutic method for treating cervical cancer by simultaneously inhibiting cell cycle progression and transcriptional activity.
We treated cervical cancer cell lines with the CDK7 inhibitor THZ1, and all of these cell lines were highly sensitive to THZ1. THZ1 exhibited potent anti-tumor effects against cervical cancer cell lines, and induced cell growth inhibition and apoptosis in a dose-dependent manner. Moreover, THZ1 strongly repressed tumor growth in subcutaneous cervical cancer mouse models without inducing obvious side effects. Further studies indicated that CDK7 inhibition by THZ1 decreased the cell cycle checkpoint mediator cyclin B1 and the phosphorylation of CDK1, inducing cell cycle arrest at the G2/M phase and inhibiting cell proliferation.
Previous studies identified that the integration of viral genes into host genes was crucial for tumorigenesis, given that viral proteins interact with other epigenetic modulators that dictate post-translational modifications on histones, upregulating viral oncogenes and many crucial cell oncogenes, especially genes associated with transcription, cell cycle, and DNA repair processes. 9, [40] [41] [42] For example, some essential oncogenes during tumor processes, including a crucial transcription factor c-MYC, 31 ,32 a main catalytic subunit of telomerase hTERT, 33 ,34 a cell apoptosis regulator protein BCL-2, 35, 36 and a DNA damage repair protein RAD51, 37 are closely associated with tumorigenesis and highly upregulated in cervical cancer. Earlier studies have demonstrated that overactivation and upregulation of oncogenes in tumor cells were likely associated with super-enhancers and were more sensitive to perturbation of associated enhancer-binding transcriptional regulators. [14] [15] [16] Our microarray analysis demonstrated that low-dose THZ1 treatment leads to the transcriptional inhibition of a set of oncogenes related to cell cycle, DNA repair process, and transcriptional regulation, which are highly upregulated in cervical cancer cells. qRT-PCR confirmed that these crucial oncogenes, including c-MYC, hTERT, RAD51, and BCL-2, were downregulated after THZ1 treatment. In addition, the key viral oncogenes E6 and E7, which are of crucial importance for cervical cancer tumorigenesis, were also repressed after THZ1 treatment.
In conclusion, the above results suggest that the antineoplastic effects of THZ1 in cervical cancer are most likely caused by cell cycle arrest and global oncogene transcription repression. Compared with the previous targeted drugs, which exclusively target one of the molecules in tumorigenesis pathways, CDK7 inhibition may provide a more effective therapeutic strategy by suppressing widespread oncogene transcription as well as blocking the cell cycle in cervical cancer.
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